A continuous data assimilation scheme and a multilayer, primitive equation, numerical model are described. The model is an eddy-resolving, coastal ocean model that has been extended to include the Gulf Stream region. It has complete thermohaline dynamics, a bottom-following, sigma, vertical coordinate system, and a coastal-following, curvilinear orthogonal, horizontal coordinate system. Calculated model fields are used to provide a model climatology and correlations between subsurface temperature and salinity anomalies and surface elevation anomalies. An optimal interpolation method, the surface to subsurface correlations, and estimated model and data errors are the basis of the assimilation technique. Altimetry anomaly data extracted from the model calculations according to the Geosat orbital schedule are used to test the assimilation scheme and to provide nowcasts and forecasts. Sensitivity studies are performed to test the effects of various parameters of the scheme. It is found that the scheme is less efficient in the shallow continental shelf area than in the deeper regions of the model. The results show significant nowcast skill, with area-averaged rms error for surface elevation and subsurface properties of about 40-50% of the corresponding error of the unassimilated case. Good forecast skill, better than persistence, is demonstrated for 10-20 days; there is little skill after 30-40 days. Increasing the density of the satellite altimetry data (especially by decreasing the separation distance between tracks) should decrease the nowcast rms error to about 15% and improve the forecast. The plan of this paper is first to describe the dynamic model in section 2 and some of its statistical characteristics in section 3. Then, in sections 4 and 5 we obtain correlations between surface elevation and subsurface properties followed by a direct nowcast/forecast application for the case where complete areal coverage of elevation data is available. In section 6 the elevation data are subsampled according to the Geosat orbital schedule of ascending and descending tracks, and, in that context, the data assimilation scheme is described. Next, sensitivity to parameters of the assimilation 8779
INTRODUCTION
Data assimilation into numerical ocean models is now an active field of research. Attention has been directed toward the use of satellite altimetry data since it promises continuous, global coverage. Most of the research to date has involved numerical ocean models with either very few layers [Kindle, 1986] or quasi-geostrophic dynamics [Holland and Malanotte-Rizzoli, 1989; Robinson et al., 1988 Robinson et al., , 1989 ; Vetton, 1990; White et al., 1990a, b, c]. The virtues of these models are that they are simple, they do not require large computational resources, and they can be used efficiently to research assimilation concepts and techniques. On the other hand, these models generally lack some degree of realism. For example, they inaccurately represent the important large topographical variability of the coastal regions, or they do not directly include temperature and salinity as prognostic variables. An exception is the study by Derbet and Rosati [ 1989] , who assimilated temperature profile data from hydrocasts into a primitive equation model. Malanotte-Rizzoli et al. [1989] also used a primitive equation model (but without bottom topography) to explore sensitivity to the choice of scheme is evaluated in section 7. Finally, the nowcast/ forecast skill of the model and assimilation scheme is evaluated in section 8. Model calculations provide a surrogate "true" ocean or control ocean which also supplies surrogate altimetry track data for assimilation. The assimilated model is compared with the control ocean, and rms errors for surface elevation and subsurface properties are obtained.
THE OCEAN MODEL
The ocean model has been previously described in the literature Mellor, 1983, 1987 The correlation coefficient C of (7) 1  7  13  2  8  14  3  9  15  4  10  16  5  11  6  12  23  25  44  25  31  46  17  36  46  16  39  38  17  42  21 After assimilation of the elevation temperature and salin- The values are the percentile, additional computer time needed for the assimilated dynamic model compared to the unassimilated dynamic model. ity anomalies, the velocity field from the previous prognostic run will not be in geostrophic equilibrium with the new density and elevation fields. The model could be run diagnostically as was done in section 4. However, good results are obtained more economically by a calculation represented by the box labeled "Geostrophic Adjustment" in Figure 12 . It is a geostrophic calculation for the difference (analysis minus first guess) velocity field due to the difference density and elevation fields.
The observational data to be assimilated into a single model grid point are the N points having the least error covariance relative to the model grid point (see Appendix A).
In the future the elevation anomaly will be obtained from satellite data, in which case 8r/0 will be the observed sea surface height relative to the observed satellite climatology; thus the geoid problem is avoided. In this paper we use the "identical twin" approach whereby data is subsampled from the model itself to supply surrogate data. We do not find that there is great sensitivity to the choice of At • and N, and this is illustrated in Table 2 . For example, The tabulated percentiles are the regional rms error of the assimilated elevation field normalized with the unassimilated rms error, averaged over a 30-day period. These experiments were done with At a -1 day and N = 6. Note that if C = 1, the weights are independent of depth and are independent of C Our results suggest that reduced errors may be obtained with a spatially varying C?c. However, in this paper the parameters for dynamical interpolation using the prognostic model will be set at C?v = 0.5, At • = 1 day, and N = 6. Figure 13 shows a sampling of synoptic realizations of the surface elevation of control ocean, statistical assimilation, and dynamical assimilation runs. It would appear that dynamical assimilation represents the control ocean better than statistical assimilation does. For example, notice the wide meander at 68øW on day 20, which narrows on day 40, creating a warm core eddy that interacts with the Gulf Stream at 72øW on day 60; later, a new eddy starts to form at 68øW on day 80. The statistically assimilated elevation fields show less variability, smaller spatial gradients, and reduced eddy energetics. However, if we compare the rms errors in Figure 14 (and include the error of the unassimilated run for later discussion), the error of the statistical assimilation is a bit less than that of the dynamical assimilation. This is puzzling but is partially explained by the fact, as seen in Figure 15 , that the rms variability of the elevation anomaly of the statistical assimilation is significantly lower than that of the dynamical assimilation, whereas the latter is comparable to that of the control ocean. In other words, the model dynamics reinstate most of the variability lost by the filtering effect of the optimal interpolation process and the course Geosat sampling tracks. From We now examine the possibility of using the continuous, dynamically assimilated, nowcast fields as initial conditions for forecasts. Figures 17a and 17b show the result of nowcasts and forecasts where the forecasts begin at day 15 and day 35, respectively. Curves for model runs with no assimilation and with assimilation together with model forecasts are shown. We also show the forecasts using persistence. The model forecasts in these two experiments are better than the persistence forecast and the unassimilated runs; after 25-35 days the forecast is not significantly better than unassimilated runs. Note that the rate of error growth in the forecast is only slightly smaller than that of persistence at the beginning, but after about 20 days the error growth rate decreases. This could be associated with the fact that the initial forecast is dominated by short spatial scale variability that is not resolved by the Geosat data sampling scheme while, at a later time, "memory" of the larger-scale variability is retained. From the results of section 5 we surmise that denser altimetry data, for example, should improve the nowcast, reducing the area-averaged rms error by a factor of 2-3; consequently, the resultant forecast should also improve.
CONCLUSIONS AND DISCUSSION
The principle finding of this study is that continuous assimilation of elevation data in conjunction with predetermined correlations between elevation anomaly and subsurface temperature and salinity anomalies enables one to obtain nowcasts with errors of about 40-45% using Geosat track schedules. From results where complete areal coverage of elevation is available, we surmise that the a minimum error of about 15% is possible. From the two forecasts carried out here, it appears that starting from the nowcast, the forecast error approaches the unassimilated error after about 25 days.
We use a numerical model of the primitive equations with realistic bottom topography which includes the continental shelf and shelf break. The altimetry assimilation works best in deep water. Ultimately, the model should be driven with real winds, and satellite SST data should be incorporated as surface boundary conditions, in which case the coastal ocean would hopefully demonstrate nowcast and forecast skill (so long as wind forecasts retain skill). Of course, SST can be also used to position the Gulf Stream and associated eddies [Robinson et al. 1989; Cornilion and Watts, 1987] and should, in the future, be merged with the altimetry assimilation scheme.
There are other improvements that can be envisioned. There is, as always, a need for improved horizontal resolution, so that the Gulf Stream and mesoscale eddies are better represented numerically, and for improved vertical resolution, so that the surface and bottom mixed layer may be adequately reinstated in the model. In order to improve data assimilation and prognostic projection, it is apparent that the domain should be enlarged. We find that subsurface to surface correlations are degraded on the boundaries (Figure 8 ) and that the eddy variability is suppressed on the boundaries (Figure 6 ). On the other hand, if the focus is on the coastal ocean, the present domain might be judged adequate; in this case, additional computer resources can be invested, in improved nearshore 
Standard Optimal Interpolation
We first review standard optimal interpolation (OI) methodology following closely the article by Gustafsson [1981] . We then specialize to our specific need to determine P ia in and is the error due to imperfect correlation, C r 2 < 1.
